Characteristics of x-ray-induced absorption spectra in various types of synthetic fused silica ͑SFS͒ containing 0.1-77ϫ 10 18 cm −3 of OH were studied up to an irradiation time of 6 h. Induced absorption in the SFS spectra of irradiation with x ray from a Rh target with a dosage of 2 ϫ 10 4 C kg −1 h −1 was reproduced by six Gaussian absorption bands, at 3.8, 4.8, 5.0, 5.4, 5.8, and 6.5 eV, respectively. Intensities of these absorption bands increased with power of irradiation time. The intensities of the 5.8, 5.4, and 5.0 eV bands decreased with increasing OH content at an irradiation time shorter than 2 h. At an irradiation time longer than 2 h, on the other hand, the intensities of each absorption band had a minimum at an OH content of Ϸ5 ϫ 10 18 cm −3 , and increased with increasing OH content at higher OH content. The power of the time dependence had a minimum at an OH content of Ϸ5 ϫ 10 17 cm −3 , and increased with increasing OH content for higher OH-containing samples.
I. INTRODUCTION
Vitreous silica has high optical transmission from vacuum ultraviolet to the near infrared region.
1,2 Utilization of this optical property allows this material to be used in optical materials such as optical waveguides and lenses and prisms for UV light. Vitreous silica can be divided into synthetic fused silica ͑SFS͒ synthesized from liquid silicon compounds and fused quartz produced by melting natural quartz powder.
1 SFS can also be divided into several types: 2 type-III SFS produced directly by flame hydrolysis of silicon compounds such as SiCl 4 , a soot-remelting method such as the vapor-phase axial deposition ͑VAD͒ method, the plasma chemical vapor deposition ͑CVD͒ method, and sol-gel methods. Most optical silica glasses are type-III SFS or VAD silica because relatively large and optically homogeneous material free from semimacroscopic defects such as bubbles and inclusion can be obtained.
Type-III SFS contains about 3 ϫ 10 19 -1 ϫ 10 20 cm −3 ͑400-1500 mass ppm͒ of OH, and is used in optical materials for UV light because this material can be resistive to UV laser irradiation. The VAD method contains at least two steps. 2 In the first process, a column of porous silica is formed by the deposition of silica soot synthesized by hydrogen-oxygen flame hydrolysis of SiCl 4 at a relatively low temperature Ϸ1100°C. Then the porous silica may be heated under appropriate ambient atmosphere to control the OH content if necessary. Finally, the porous silica soot is vitrified by sweeping the melting zone from an end of the column of the porous silica in He ambient at a relatively high temperature at 1550-1600°C.
Point defects might be induced by irradiating with radiations such as ␥-ray, x-ray, and UV laser beams. 3, 4 These defects are unfavorable because they cause optical absorption. Characteristics of these radiation-induced defects have been extensively studied for the purpose of providing radiationresistive optical fibers and optical material for excimer lasers. Study of the irradiation time dependence of x-rayinduced absorption in SFS is useful for clarifying the characteristics of the radiation-induced defects and their precursors. Nakamura and colleagues studied the effect of heat treatment on x-ray-induced absorption in type-III fused silica. 5, 6 Kuzuu and Murahara compared the nature of x-rayinduced absorption in type-III SFS synthesized under a reducing and an oxidizing condition. 7, 8 A SFS synthesized under the reducing condition has an absorption peak at 5.7 eV. 7 A SFS synthesized under the oxidizing condition has a peak at 5.7 eV, a shoulder at 4.8 eV, and a weak absorption peak at 2.0 eV. 7 Characteristics of these absorption bands were discussed based on a model proposed for describing ArF excimer laser-induced absorption in the same kinds of SFS. 9, 10 Kuzuu also studied OH content dependence of the x-ray induced absorption of type-III fused silica synthesized under reducing conditions. 11 The absorption spectra were reproduced by fitting five Gaussian absorption bands, at 4.8, 5.0, 5.4, 5.8, and 6.5 eV, respectively, and the origin of the OH content dependence was discussed.
The samples used in these studies are type-III SFSs, whose OH contents are higher than those of VAD silicas. Therefore, OH content dependence of x-ray-induced absorption of type-III and VAD silicas can provide useful information for understanding the characteristics of point defects in vitreous silica. In this article, we report the study of x-rayinduced absorption of type-III and VAD silicas containing various amounts of OH.
II. EXPERIMENTAL PROCEDURE
Samples used in this study are shown in Table I . Sample A is type-III SFS and the other samples are VAD silicas. All samples are commercially available, and were provided by the Tosoh Corporation. 12 Samples E and D have an absorp-tion band at 5.01 eV with full width at half maximum ͑FWHM͒ of 0.32 eV called the B 2 ␣ band ͑Fig. 1͒. Samples were cut to a size of 1 ϫ 3 ϫ 1 cm 3 , and two facing surfaces with thickness of 1 cm were optically polished.
X-ray from the Rh target operated with 50 kV and 50 mA was utilized with a Rigaku System 3270 fluorescent x-ray analyzer. The dosage was 2 ϫ 10 4 C kg −1 h −1 . X-ray exposure was up to 6 h ͑1.2ϫ 10 5 C kg −1 ͒. Induced absorption spectra were measured with a Shimadzu UV3100-type spectrophotometer within 5 min after each irradiation. OH contents were determined by the peak intensity at 3650 cm −1 with an extinction coefficient of 77.5 dm 3 / mol cm ͑Ref. 13͒ using a PerkinElmer System 2000 Fourier-transform infrared spectrophotometer. Interstitial H 2 and ϵSi-H contents were measured with a Jasco NRS-2000 Raman spectrophotometer.
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III. RESULTS
X-ray-induced absorption spectra of all samples were reproduced by fitting six Gaussian absorption bands, at 3.8, 4.8, 5.0, 5.4, 5.8, and 6.5 eV, respectively. The peak positions and FWHMs are shown in Table II . An example of the peak decomposition is shown in Fig. 2 . Irradiation time dependence of intensities of all absorption components in the samples are shown in Fig. 3 . The right-hand vertical axes indicate the defect concentrations calculated using the absorption cross sections shown in Table II . Samples D and E have a preexisting 5.0 eV band ͑Fig. 1͒, while samples A, B, and C do not have that band. We will refer to samples A, B, and C as higher-hydroxyl-containing samples ͑HHS͒, and samples D and E as lower-hydroxyl-containing samples ͑LHS͒. The intensities of 5.0, 5.4, 5.8, and 6.5 eV bands in LHS are stronger than those in HHS. The differences among absorption intensities of HHS are as great as that between LHS and HHS. Irradiation time dependence of the intensities of absorption components in samples A, B, and C are linear in a doubly logarithmic plot; the absorption intensity I versus the irradiation time t can be expressed as
where ␣ is constant. Hereafter, we will refer to ␣ as the "power index." The curves in samples D and E are convex, which could be due to the error in measurement in large absorbance at long irradiation times, because part of the absorption spectrum of these samples are truncated due to the values of the absorbance beyond the measurement range. The power indices of these samples were determined from the slope in the doubly logarithmic plot by fitting lines to the data for irradiation times shorter than 2 h. Hydroxyl content dependence of the power indices is shown in Fig. 4 . The power indices increased with increasing OH content except in the case of sample E, as shown in Fig.  4 . The 3.8 eV band appeared only in HHS at irradiation times longer than 2 h. The power indices for the 3.8 eV band are approximately three times greater than those for the other absorption components at the same OH content, as shown in Fig. 4 .
OH content dependence of absorption components at each irradiation time is shown in Fig. 5 . OH content dependence is rather complicated and different between HHS and LHS. For both, however, OH content dependence changes with changing irradiation time. Details will be discussed in Sec. IV B. 
IV. DISCUSSION
A. Origin of the absorption components
One of the present authors and colleagues showed that x-ray-, 8, 11 ␥-ray-, 15 and excimer laser- 8, 16 induced absorption spectra can be reproduced by Gaussian absorption bands at 6.5, 5.8, 5.4, 5.0, and 4.8 eV, respectively. Except for the 3.8 eV band, the absorption bands used are the same as those used in the previous papers.
The absorption bands near 5 eV are called B 2 bands. At least two kinds of B 2 bands, a B 2 ␣ band with a peak at 5.02 eV and FWHM of 0.32 eV and a B 2 ␤ band with a peak at 5.15 eV and FWHM of 0.42 eV, exist. 3 The origin of the B 2 ␣ band is a neutral oxygen vacancy ϵSi¯Siϵ called ODC͑II͒. 3 Here, "ϵ" represents covalent bonds to three oxygen atoms, and "¯" represents a vacancy at which an oxygen atom is removed from an ϵSi-O-Siϵ structure. ODC͑II͒ was named by Imai et al. 17 as distinct from the ϵSi-Siϵ structure called ODC͑I͒, in both of which ODC stands for "oxygen deficient center." ODC͑I͒ causes an absorption band at 7.6 eV.
The origin of the 5.8 eV band is the E ␥ Ј center ͑ϵSi· ͒, where "·" represents an unpaired electron. The 5.4 eV band may be caused by the E ␤ Ј center, 3 which is related to hydrogen. A possible structure is ϵSi· ϵ Si-H. The absorption bands due to two kinds of EЈ centers, at 5.4 and 5.8 eV, respectively, have the same FWHM, 0.62 eV. Some reports assume the FWHM of the EЈ centers is 0.8 eV. 3 In previous articles, we also used 0.8 eV as the FWHM of the 5.8 eV bands induced by irradiating with x ray, 8, 11 ArF-excimer laser, 8, 16 and ␥ ray. 15 However, KrF-excimer laser-induced absorption cannot be reproduced if we assume the FWHM of the 5.8 eV band to be 0.8 eV. 23 If we assume the FWHM of 5.8 and 5.4 eV bands to be 0.62 eV, absorption spectra in various types of SFS irradiated with x ray, ␥ ray, and excimer lasers can be reproduced. 14 The origin of the 6.5 eV band is unknown. This absorption component is used to reproduce the effects of absorption at energy higher than 6.2 eV.
The 4.8 eV band is an oxygen related center. A number of origins have been proposed: 3, 4 nonbridging oxygen hole center ͑NBOHC ͓ϵSi-O · ͔͒, peroxy radical ͑POR ͓ϵSi-O-O · ͔͒, and interstitial O 3 molecule. The FWHM of the 4.8 eV band due to POR is 0.8 eV, while that of the other is 1.05 eV.
3 NBOHC can be produced by bond breakage, as follows:
The same amount of EЈ center is also produced in this process. We assume that the main process of the 4.8 eV band is NBOHC, because the estimated values of EЈ centers and NBOHC in HHS are of the same order as those shown in Fig. 6 . In the previous articles on x-ray and ArF-laserinduced absorption in type-III silicas, we assumed that the 4.8 eV band was due to interstitial ozone. [7] [8] [9] [10] In these articles, the 4.8 eV band is only apparent in samples synthesized under oxidizing conditions; 7, 8, 10 oxygen molecules could dissolve in the glass network during the glass formation process because an excess amount of oxygen molecules exists in the flame used for the hydrolysis. The intensities of the main origin of the 4.8 eV band in fused silicas produced under reducing conditions are not so strong. [7] [8] [9] Sample A is also a type-III silica produced under a reducing condition. In these samples, the 4.8 eV band might be due to NBOHC because an excess amount of hydrogen molecules exist in the flame and an oxygen molecule must hardly be dissolved during the glass formation process.
In previous articles, we did not assume the 3.8 eV band. 8, 11 The samples used in the previous articles are the same type as sample A, in which the 3.8 eV band is apparent only at irradiation time longer than 2 h, as shown in Fig. 3 . Because the maximum irradiation time in the previous articles is 3 h, 7, 8, 11 the intensity of the 3.8 eV band Ϸ10
is still weak compared to the other absorption components. Nishikawa et al. proposed that the 3.8 eV band is due to peroxy linkage ͑POL ͓ϵSi-O-O-Siϵ͔͒. 18 Awazu et al. 19 showed that the 3.8 eV band was induced in VAD silica vitrified in an ambient mixture of Cl 2 and He gas, and the intensity of this band increased with increasing the Cl 2 concentration in the ambient atmosphere during the vitrification process.
The origins of these absorption bands and the absorption cross section of the defect structures are summarized in Table  II .
B. OH content dependence of defect concentrations
Hydroxyl content dependence of absorption intensities of the 5.8 and 5.4 eV bands are similar to each other, as shown in Figs. 5͑a͒ and 5͑b͒. This similarity could be because these two bands are both due to an EЈ centers, E ␥ Ј and E ␤ Ј centers, respectively. The latter is the hydrogencoordinated structure ϵSi· ϵ Si-H, while the former has no such coordinated structure. The intensities of 5.8 and 5.4 eV bands of LHS are greater than those of HHS. These intensities decrease with increasing OH content except at irradiation time of 10 min. Hydroxyl content dependence of the 5.8 and 5.4 eV bands in HHS also changes by the irradiation time. At irradiation times shorter than 2 h, these intensities are a decreasing function of OH content. At irradiation times longer than 3 h, on the other hand, these intensities are an increasing function of OH content.
For the 5.0 and 4.8 eV bands, OH content dependences are more complex as shown in Figs. 5͑c͒ and 5͑d͒ . The intensities of these bands in LHS decrease with increasing OH content. Among HHS, the intensity of each band in sample B is strongest of all samples A and C at the same irradiation time; the intensity in sample B is only slightly, but constantly, greater than that in sample C. Variation in each of the absorption components among HHS at longer irradiation times becomes small ͑i.e., with increasing irradiation time͒. The 3.8 eV band appears only in HHS at sufficiently long 
The time dependence curves of the 5.8 and 5.4 eV band intensities of HHS cross with each other as shown in Figs. 3͑a͒ and 3͑b͒. The cross of the time dependence curves corresponds the change in the sign of the slope of OH-content dependence in a doubly logarithmic plot ͓Figs. 5͑a͒ and 5͑b͔͒. This also corresponds to the OH content dependence of the power index shown in Fig. 4 . The power indices of HHS increase with increasing OH content. The intensities of the 5.8 and 5.4 eV bands of LHS at an irradiation time of 10 min, on the other hand, are almost the same, respectively, and the difference between these values increases with increasing irradiation time. This corresponds to the finding that the power indices of LHS decrease with increasing OH content, and the slope of the intensities versus the OH content become negative and its absolute value increases with increasing irrdiation time.
In a previous article, one of the present authors studied x-ray-induced absorption of type-III SFS containing 3.8-8.7ϫ 10 19 cm −3 of ϵSi-OH up to an irradiation time of 3 h. 11 At an irradiation times shorter than 1 h, the intensity of the 5.8 eV band decreased with increasing OH content. At an irradiation time of 2 h, the intensity of the 5.8 eV band was almost independent of OH content. At an irradiation time of 3 h, the 5.8 eV band intensity increased with increasing OH content up to 6 ϫ 10 19 cm −3 of OH and was saturated in the higher-OH-content region. The intensities of the 5.4 and 5.0 eV bands decreased with increasing OH content at all irradiation times. The intensity of the 4.8 eV band increased, on the other hand, with increasing OH content. The OH content dependence in the previous study described earlier is different from the present result. The difference is due to difference in the type of samples used; the samples used in the previous study were all type-III silicas, whereas those in the present study included both type-III and VAD silicas.
C. Creation mechanism of EЈ centers
The intensities of the absorption components of LHS are stronger than those of HHS except in the case of 4.8 and 3.8 eV bands. In particular, the intensities of absorption bands due to EЈ centers, the 5. where ϵSi + indicates planer-three-oxygen-coordinated silicon. In addition, ODC͑I͒ ͑ϵSi-Siϵ͒ causes a 7.6 eV band in the VUV region to exist. This structure can also be a precursor of an EЈ center, as
The amount of the ODC͑I͒ is reported to be approximately 1800 times greater than that of the ODC͑II͒, and these bands are in equilibrium with each other. 17, 20 LHSs have the ϵSi-H structure, which can be a precursor of EЈ center, as
This process is supported by the decrement of the a ϵ Si-H content by the irradiation, as shown in Table I . A possible origin of this paradox might be that part of ϵSi-H exists as a stable form whose fraction in sample E is much larger than that in sample D. The fact that 4 ϫ 10 17 cm −3 of ϵSi-H remained in sample E even after irradiation of 6 h supports the hypothesis of the existence of a stable form of ϵSi-H. The more stable the precursor, the longer the time required to produce EЈ centers. Possible forms of hydrides are free ϵSi-H, hydrogen-bonded ϵSi-H, and ϵSi-H HO-Siϵ. A candidate for the "stable" hydride is hydrogen-bonded hydride, in which a ϵSi-H is bonded to an oxygen atom in the glass network.
Another creation mechanism of the EЈ center is bond breakage expressed in Eq. ͑2͒. By this process, NBOHC is also induced. The amount of NBOHC in sample E is greater than that in sample D, which suggests that the EЈ centers created by this process are greater in sample E than in sample D at each irradiation time.
As shown in Table I , samples A and D have interstitial H 2 molecules before the irradiation. This might also affect the creation of the defect structures, including EЈ centers, at longer irradiation times, as will be discussed in Sec. IV E.
D. Creation mechanism of 5.0 and 4.8 eV bands
HHSs have no intrinsic ODC͑II͒ before irradiation. By the irradiation, however, a 5.0 eV band was induced. A possible origin of the creation of the 5.0 eV band due to ODC͑II͒ is
The ODC͑II͒ on the right-hand side of this equation can also be a precursor of the EЈ center through the process expressed in Eq. ͑3͒. The oxygen atom on the right-hand side of Eq. ͑6͒ could also be a precursor of NBOHC by reacting with the EЈ center as
The OH content dependence of the 5.0 and 4.8 eV band intensities of HHS are similar to each other; each intensity of sample B is strongest among those of HHSs at relatively short irradiation times. This suggests a correlation between the ODC͑II͒ and the NBOHC. At shorter irradiation times ͑ഛ2 h͒, however, the intensity of the 4.8 eV band in sample A is lower than those in the other samples. This must be because of the effect of ϵSi-OH to prevent the creation of defects by bond breakage. 16, [21] [22] [23] Differences in intensity of the 4.8 eV band among all samples become small at a sufficiently long irradiation time ͑տ2 h͒. This fact suggests that most NBOHCs are produced by bond breakage in the glass network caused by processes such as those of Eq. ͑2͒ and Eqs. ͑6͒ and ͑7͒.
If all EЈ centers and NBOHC are induced through the bond breakage expressed in Eq. ͑2͒, the amount of total EЈ centers should be equal to that of NBOHC. These amounts are compared in Fig. 6 . For HHS, the amount of NBOHC and EЈ centers are of the same order. In most cases, however, additional processes to produce the EЈ centers and/or NBOHC must exist. In sample B, the amount of NBOHC is only slightly greater than that of EЈ centers at short irradiation times. They become almost equal at a sufficiently long irradiation time. The amount of EЈ center in sample C, on the other hand, is slightly greater than that of NBOHC. Because the absorption cross sections for NBOHC and EЈ centers used here contain some error, we cannot evaluate the relation between the amount of these defects stoichiometrically. Nevertheless, the main creation mechanism of NBOHC of HHS must be the process expressed in Eq. ͑2͒ because the amounts of NBOHC and EЈ centers are of the same order.
The ratio between the amount of EЈ centers to that of NBOHC in sample C is greater than that in sample B. A possible precursor of EЈ center in sample C is ODC͑II͒ ͓Eq. ͑3͔͒ through the process of Eq. ͑6͒. One might consider that this contradicts the fact that the amount of x-ray-induced ODC͑II͒ in sample B is greater than that in sample C. Because the glass network of sample C, because of its lower OH content, is harder than that of sample B, greater fraction of ODC͑II͒ in sample C than in sample B could change into EЈ center. Therefore, the ratio between the amount of EЈ centers to that of NBOHC in sample C could be greater than that in sample C.
Because the detection limit of ϵSi-H, 5 ϫ 10 16 cm −3 , is greater than the amounts of induced EЈ centers in samples B and C, the possibility that the origin of the EЈ center is ϵSi-H cannot be ruled out. However, we lack data for further discussion.
In sample A, too, the amount of EЈ centers is greater than that of NBOHC, and the difference becomes greater with increasing the irradiation time. This could be due to another process. One such possible process could be due to the reaction of interstitial H 2 molecules to glass network. The details will be discussed in the next section.
In LHS, the amount of EЈ centers is much greater than that of NBOHC. This is because these samples have preexisting precursors of EЈ centers, ODC͑II͒ and ϵSi-H.
E. Effect of AESi-OH on defects in HHS
For HHSs, the power index increases with increasing OH content, as shown in Fig. 4 . This corresponds to the change in the OH content dependence of the intensities of 5.8, 5.4, and 5.0 eV bands for HHSs; at irradiation times greater than 2 h, the absorption intensity increases with increasing OH content; whereas those at irradiation times less than 2 h almost decrease with increasing OH content, i.e., C Ϸ B Ͼ A. In a previous article, 11 one of the present authors showed that x-ray-induced absorption in type-III silica decreases with increasing OH content except in the case of the 5.8 eV band at 3 h and the 4.8 eV band at all irradiation times. We considered that this must be due to the effect of OH to make the system softer and better able to resist the creation of defects, as in the case of excimer laser-induced absorption. [21] [22] [23] Hydroxyl content dependence of 5.8, 5.4, and 5.0 eV bands at relatively short irradiation times ͑i.e., ഛ2h͒ in HHSs must be due to an effect of ϵSi-OH similar to that in the previous article. The intensity of the 4.8 eV band in a previous article 11 increased with increasing OH content, which is the inverse of finding in the present case. This is because the previous samples are type-III, and the 4.8 eV band cannot be caused simply by the bond breakage. In that case, the probable precursor of the 4.8 eV band must be not only NBOHC but also interstitial ozone molecules created from interstitial oxygen. 24 At short irradiation times, the amount of NBOHC in sample A is less than that in the other HHS samples, as shown in Fig. 3͑c͒ . This fact suggests that the effect of ϵSi-OH to resist bond breakage is effective only at relatively short irradiation time. Bond breakage might saturate only at sufficiently long irradiation time. However, given that the time dependence of the 4.8 eV is linear in a doubly logarithmic plot up to 6 h, the intensity of the 4.8 eV band must become an increasing function of OH content at an irradiation time of Ͼ6 h. Therefore, another creation mechanism for NBOHC exists.
A possible precursor of NBOHC is the ϵSi-OH structure, as
Some ϵSi-OH might change into NBOHC by the irradiation at relatively short irradiation times. However, most NBOHC must rebind with H immediately after irradiation and would not be so greatly induced so much. A part of the H atoms on the right-hand side of Eq. ͑8͒ must form H 2 molecules through the diffusion of H atoms in the glass network. In addition to H 2 molecules produced by this mechanism, interstitial H 2 molecules exist in sample A, as shown in Table I . These H 2 molecules and interstitial H 2 molecules could react with broken or strained ϵSi-O-Siϵ bonds, as
ϵSi-H content of sample A becomes 3 ϫ 10 17 cm −3 after irradiation despite the fact that the concentration before irradiation is below the detection limit, as shown in Table I . This increment supports the mechanisms expressed in Eqs. ͑9͒ and ͑10͒. The process expressed in Eq. ͑9͒ is proposed as a mechanism of the interstitial hydrogen to improve the exci-mer laser resistivity. 25 The ϵSi-H structure on the righthand side of Eqs. ͑9͒ and ͑10͒ must be a precursor of the EЈ center through the process of Eq. ͑5͒. The amount of H 2 molecules created by the irradiation must increase with increasing OH content. In addition to the creation of hydrogen molecules from the ϵSi-OH structure, interstitial H 2 molecules exist in sample A. Therefore, an excess amount of EЈ centers, relative to that of NBOHC, is induced as shown in Fig. 6͑a͒ .
ODC͑II͒ might be caused by the reaction between a strained ϵSi-O-Siϵ bond and a H 2 molecule, as
This too can be a precursor of EЈ centers by the reaction expressed in Eq. ͑3͒.
F. Creation Mechanism of 3.8 eV band
For the origin of the 3.8 eV band, two models have been proposed: POL 18 and interstitial chlorine molecules. 19 Awazu et al. showed that the 3.8 eV band is induced in VAD silica vitrified in the ambient mixture of Cl 2 and He gas; 19 the intensity of the 3.8 eV band increases with increasing the concentration of Cl 2 in an ambient atmosphere during the vitrification process. They pointed out that the model of the 3.8 eV band ascribed to POL 18 is based on an occasional experimental result. Although the model proposed by Awazu et al. must be true for the samples they used, the possibility that 3.8 eV band is caused by some other structure cannot be ruled out; Skuja 3 pointed out the possibility that a different structure caused an absorption band with almost the same peak position and width as that in the case of the 4.8 eV band due to NBOHC and interstitial O 3 . 3 We will discuss the possibility that the POL can be the origin of the 3.8 eV band in this case. POL might be produced by
However, this structure will be broken by the irradiation as
If the processes shown earlier proceed, the population of the POL must be saturated at sufficiently long irradiation time because some POL must be destroyed by the processes expressed in Eqs. ͑14͒ and ͑15͒. However, intensity of the 3.8 eV band increased with the power of irradation time as shown in Fig. 3͑e͒ . The power index in each sample is approximately three times greater than those of the other defects. Therefore, POL must not be a precursor of the 3.8 eV band.
Another possible precursor of the 3.8 eV band is Cl 2 . By the irradiation, Cl atoms must be created as
Chlorine atoms on the right-hand side of this equation diffuse into the glass network and react with each other to form Cl 2 molecules. Because this process takes a long time, the 3.8 eV band appears only at long irradiation time and the power index becomes approximately three times greater than those of the other absorption components. Sample A has Ϸ2 ϫ 10 18 cm −3 of Cl, as shown in Table I . Estimated amounts of Cl 2 based on the 3.8 eV band intensity are shown in Fig. 3͑e͒ . Most of these must remain in the form of ϵSi-Cl, considering that the estimated value of Cl 2 is Ϸ10 17 cm −3 even at an irradiation time of 6 h. Chlorine contents in samples B-E are under the detection limit, 5 ϫ 10 17 cm −3 , by chemical analysis ͑Table I͒. Therefore, the possibility that Cl 2 is an origin of the 3.8 eV band cannot be ruled out. Absorption intensities of the 3.8 eV band at irradiation times of 6 h in HHSs are all of the same order despite the fact that the amount of Cl in sample A is much greater than those in the other samples. At short irradiation times, on the other hand, the absorption intensity of the 3.8 eV band in sample A is smallest among HHSs. A possible explanation for such a small Cl 2 content is that sample A contains a more stable ϵSi-Cl structure than the other samples do. Griscom proposed that a SFS produced by a plasma CVD method has a stable ϵSi-Cl structure at which four Cl atoms form a tetrahedral structure. 26 This structure is a candidate for such a "stable ϵSi-Cl".
In LHSs, no 3.8 eV band appears even at long irradiation times. These samples contain the ϵSi-H structure, as shown in Table I . Almost all ϵSi-Cl structures must be replaced by ϵSi-H in LHS, and no Cl 2 is induced.
Although we ascribed the origin of the 3.8 eV band to Cl 2 in the discussion earlier, we cannot conclude that the origin of the 3.8 eV band is interstitial Cl 2 .
V. SUMMARY AND CONCLUSION
Characteristics of x-ray-induced absorption spectra in various types of synthetic fused silica containing 0.1-77 ϫ 10 18 cm −3 of OH were studied up to irradiation time of 6 h. Induced absorption spectra were reproduced by six Gaussian absorption bands, at 3.8, 4.8, 5.0, 5.4, 5.8, and 6.5 eV, respectively. Intensities of these absorption bands increased with powers of the irradiation time. At an irradiation time shorter than 2 h, the intensities of the 5.8, 5.4, and 5.0 eV bands decreased with increasing OH content. At an irradiation time longer than 2 h, on the other hand, the absorption intensity had a minimum at 5 ϫ 10 18 cm −3 , and increased with increasing OH content at higher OH content. This is because the power of time dependence has a minimum at OH content of 5 ϫ 10 18 cm −3 , and increased with increasing OH content for higher OH-containing samples.
The reason the absorption of the higher-OH-content sample has a higher power index is as follows: At short irradiation time, ϵSi-OH is stable and it makes the glass network softer and therefore able to resist bond breakage such as that in the case of excimer laser-induced defects. Therefore, the absorption intensity decreases with increasing the OH content. At longer irradiation times, on the other hand, hydrogen atoms formed by the photolysis of ϵSi-OH form H 2 molecules. These H 2 molecules may react with ϵSi-O-Siϵ bonds and form defect structures. Therefore, absorption intensities increase with increasing OH content at a sufficiently long irradiation time. As a result, the power index increases with increasing OH content.
